Thermal stabilities and microstructures of tungsten compound contacts on n=GaAs fabricated by low-energy ion-beam-assisted deposition A low-energy ion-beam-assisted deposition (IBAD) technique has been developed to fabricate W-%-N Schottky contacts of enhanced thermal stabilities on n-GaAs. By implementing remote sputtering and glancing angle low-energy N + ion irradiation, the thermal stabilities of the W-Si-N/n-GaAs Schottky contacts were enhanced to be stable up to 850 "C, while keeping the Schottky barrier heights to the best values obtained with conventional sputtering. Thermal stabilities of the IBAD refractory metals/n-GaAs interfaces were investigated also for various W-%-N compositions by examining the microstructure and Schottky diode characteristics. WSi,,sNe4 showed the most stable Schottky contacts on n-GaAs of which the barrier height changed only 20 meV after thermal annealing between 700 and 850 "C, and that is proposed to be due to the stable metallurgical microstructure compared to the element tungsten and tungsten nitride.
Refractory metals and their low-resistivity compounds play an important role as gate materials in the self-aligned GaAs metal-semiconductor field-effect transistor (MES-FET) technology.' The self-aligned gate, acting as a mask during the subsequent source/drain implantation step, should be stable without any degradation through the subsequent high-temperature activation stage. High Schottky barrier height and its good rectifying characteristics are also required for the integrated device application. The implementation of self-aligned gate technology to GaAs MESFETs has drawn significant success in GaAs digital integrated circuits because this technology has several process advantages: simplicity, uniformity, and reproducibility. A key research issue in this technology involves the choice of refractory gate material and the deposition method. Tungsten being known as the refractory element that does not react with arsenic at 1000 "C or below,2 many tungsten-based materials have been developed for this purpose including W, 3 WN, 6, 7 and TiW8*9 by sputter deposition. However the major issue, particularly related to the activation of implanted dopant, is the high-temperature stability of the contacts. The best data for the tungsten compound contacts obtained with conventional sputtering were reported to have Schottky characteristics stable up to 800 "C for 30 min annealing. The thermal stabilities are closely related to the radiation damage to the semiconductor surface during sputter deposition.5~'0.1' Mullins and Brunnschweiler simulated the cathode voltage effect on the Schottky barrier height and found that the degraded Schottky characteristics could be simulated with radiation damage during cathode sputter deposition." Yamagishi and Yamamoto reported that increased sputter power degraded the Schottky characteristics of WN on GaAs even after high-temperature annealing.5 From this point of view ion-beam-assisted deposition (IBAD) has an advantage over conventional sputter deposition because, by using a separate ion gun for the sputter evaporation, the ionic damage to the wafer can be avoided. In this work we have N-type (100) GaAs wafers with a doping concentration of 2-4x 10"/cm3 were used as substrates. The substrates were cleaned sequentially in trichloroethylene, acetone, and methanol for 10 min each. Film deposition was performed by using two different Kaufman-type gas-source ion guns inside a vacuum chamber of 5 x 10 -' Torr base pressure. A focused Ar-ion beam from a 3-cm-diam ion gun (gun I) bombarded a tungsten or a W-Si stripped target for evaporation of W or WSi, respectively. At the same time, low-energy nitrogen ions were directly irradiated onto the substrate through a 12-cm-diam ion gun (gun II) for nitridation. The wafer was located 20 cm away from the target, and for nitride deposition the nitrogen ion was irradiated to the wafer with a glancing angle of 30" to the wafer in order to reduce possible radiation damage during growth. The beam voltages of guns I and II were kept at 1000 and 70 V, respectively, throughout this experiment. But the beam currents of the guns were varied to control the composition of the deposited film. The thickness of the deposited film was measured with a profilometer, and the interface between the film and the GaAs substrate was observed with transmission electron microscopy (TEM). To investigate the Schottky properties of the contacts on n-GaAs, W-Si-N/GaAs diodes were fabricated. After definition of 100x 100~pm2 pads of the films, both sides of the specimens were capped with 200-nm-thick Si02 by chemical vapor deposition. Furnace annealing was subsequently carried out in the temperature range of 700-900 "C for 30 min in flowing nitrogen atmosphere. After removal of the Si02 cap, backside Ohmic contacts were formed by depositing and alloying AuGe. Current-voltage (I-V) measurements with an HP-4145 parameter analyzer were used to characterize the Schottky diodes. According to the thermionic emission model,i2 we can obtain the diode ideality factor and barrier height from the forward 1-V characteristics of a Schottky diode.
The TEM cross-sectional view of the interface between the as-grown film and substrate is shown in Fig. 1 (a) . The TEM samples were prepared using standard techniques. The TEM micrograph shows an abrupt interface with an intervening amorphous layer, probably oxides of Ga and As ( -2 nm), between the as-deposited W film and the substrate. By seeing the very clear interface and the thin native oxide, we can conclude that there is little damage to the tilm and substrate during growth. In addition, a highresolution image of the GaAs substrate revealed little damage produced in the substrate during deposition. The electron diffraction pattern of Fig. 1 (b) shows that the IBAD tungsten film grows as an amorphous state, and x-ray-diffraction analysis revealed that the crystallite size was smaller than 1.0 nm.13 Figure 2 represents the change in the Schottky barrier height and the diode ideality factor with annealing temperature for the W/GaAs, WNo.dGah and WSie3N0JGaAs diodes. Each data point on the figure was taken by averaging values measured for five diodes, and the deviations from the average values were no larger than 20 mV and 0.05 for the barrier height and ideality factor, respectively. The barrier height and the ideality factor for the as-deposited contacts were between 0.6 and 0.7 eV, and between 1.1 and 1.3, respectively, regardless of the contact material, By increasing the annealing temperature up to 850 "C, the barrier heights were enhanced for all the contacts. Further elevation of the annealing temperature resulted in degradation of the Schottky characteristics. The values of Schottky barrier heights for W/GaAs, WNo,27/GaAs, and WSio.,No+4/GaAs were 0.71, 0.84, and 0.76 eV, respectively, and these values are comparable to those of the best results attainable with the conventional reactive sputtering methods3-' More important all these IBAD contacts were stable up to 850 "C. This high-temperature stability of IBAD contacts on GaAs seems to be closely related to the smaller ion damage compared to the conventional sputtering. Yamagishi and Yamamoto5 reported that higher sputtering power during sputtering resulted in a lower temperature at which the Schottky characteristics began to degrade for if-sputtered WN contacts on GaAs. It has been reported that ionic collision of Ar and metal ions during sputtering induces radiation damage to the semiconductor surface and the metal film." *" Finetti et al." demonstrated that there was radiation damage on the surface layer around 10 nm thick and a surface damage level of 102'/cm3 for a Mo/Si Schottky contact formed during sputtering. The radiation damage during growth enhances the crystallization and grain growth of the contact metal during thermal annealing. Once there is crystallization, particularly for GaAs contacts, there will be enlarged possibilities for Ga and As to dissociate and diffuse out through the grain boundaries of the Schottky metal. The congruent temperature at which the dissociation occurs is known as around 650 'C,i4 much lower than the conventional activation temperature. The out-diffusion of Ga and As from the semiconductor just below the contacts will change the electrical properties of the contact. Detailed examinations of several experimental results reported for WN contacts on GaAs in conjunction with microstructures can help to elucidate the point. The WN lilms grown by dc magnetron sputtering,3 which showed a columnar structure even in the as-grown state, revealed poor thermal stability (up to 700 "C), and the WN fllm grown by rf sputtering, which was amorphous in the asgrown state but exhibited a crystallization through annealing, showed grain sizes of 50-100 nm after heat treatment at 800 "C for 30 min, and was observed to be stable electrically up to 800"C4 On the other hand, the IBAD W-Si-N compound including WN0,27 contacts was stable at temperatures as high as 850 "C, and the grain size of the annealed WNo.?? film was much smaller (20 nm). This better stability is proposed to be due to less ionic damage during growth, because direct impingement of the sputter ions was avoided for the IBAD of the Schottky metal.
There is a remarkable difference in the thermal dependence of Schottky barrier heights between W/GaAs and WNe,&GaAs contacts and a WSio,3No.4/GaAs contact. The Schottky properties of the W/GaAs and WN,,,/GaAs changes significantly with the anneal temperature, and have been also observed with conventional sputtering. 3-5 The variances of Schottky barrier heights of W/GaAs and WNo,z7/GaAs contacts after thermal treatment from 700 to 850 "C are 110 and 280 meV, respectively. These large changes of Schottky barrier heights could be studied further with TEM observation. Figure 3 shows the cross-sectional views of W/GaAs and WN&GaAs interfaces after thermal annealing at 800 "C for 30 min. Compared to the as-deposited contact [ Fig.  1 (a) ], the annealed contacts show dissociation of oxide and significant morphological change. The interfaces show 5-10 nm roughness, and the deposited films were crystallized to grain sizes of 25 and 20 nm for W and WN, respectively. This significant morphological change might be caused by the reactivity of W and WN with GaAs, and this material change at the interface induced drastic change of the barrier heights.
On the other hand, the WSie3No,4/GaAs contacts show little change of Schottky barrier height, only 20 meV, after thermal treatment between 700 and 850 "C. A cross-sectional TEM micrograph and diffraction pattern for the WS~~JN~,~ film deposited on a GaAs substrate after annealing are shown in Fig. 4 less than 2 nm), even though there are small protrusions (indicated by arrows) extending to the GaAs substrate:
The maximum diameter of the protrusions is 10 nm and the average spacing between the protrusions is 20 nm. The protrusion was assumed to be a void formed by dissociation of GaAs and out-diffusion of Ga and As; however, the protrusion was formed locally and the density is much smaller compared to the interface peak and groove formed for W and WN. Moreover the diffraction pattern shows that the film remained in a dense amorphous state, and there is no image showing the crystallization of the film. These metallurgical stabilities of the WS~Q~N~,~ film and the interface result in very stable Schottky properties which do not change significantly in the temperature range between 700 and 850 "C.
In conclusion, the W-Si-N Schottky contacts on nGaAs fabricated by the low-energy IBAD was demonstrated to have superior thermal stabilities to conventional sputtering. Enhanced thermal stabilities up to 850 "C were obtained by implementing low-energy glancing angle N + ion irradiation and remote sputtering, and that is proposed to be due to less damage during deposition than conventional sputtering. The Schottky barrier heights of W/ GaAs, WN,,,/GaAs, and WSi,sNc,JGaAs contacts after annealing at 850 "C for 30 min are 0.71, 0.84, and 0.76 eV, respectively, and these values are comparable to the best results reported with conventional sputtering. TEM microstructure observation revealed that thermal stability of the WSio.3No,4/n-GaAs Schottky contact, resulting in a barrier height value change of only 20 meV after thermal annealing between 700 and 850 "C, is due to the material stability of the film and interface.
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